[1] A practical database method for predicting the interplanetary shock arrival time at L1 point is presented here. First, a shock transit time database (hereinafter called Database-I) based on HAFv.1 (version 1 of the Hakamada-Akasofu-Fry model) is preliminarily established with hypothetical solar events. Then, on the basis of the prediction test results of 130 observed solar events during the period from February 1997 to August 2002, Database-I is modified to create a practical database method, named Database-II, organized on a multidimensional grid of source location, initial coronal shock speed, and the year of occurrence of the hypothetical solar event. The arrival time at L1 for any given solar event occurring in the 23rd solar cycle can be predicted by looking up in the grid of Database-II according to source location, the initial coronal shock speed, and the year of occurrence in cycle 23. Within the hit window of ±12 h, the success rate of the Database-II method for 130 solar events is 44%. This could be practically equivalent to the shock time of arrival (STOA) model, the interplanetary shock propagation model (ISPM), and the HAFv.2 model. To explore the capability of this method, it is tested on new data sets. These tests give reasonable results. In particular, this method's performance for a set of events in other cycles is as good as that of the STOA and ISPM models. This gives us confidence in its application to other cycles. From the viewpoint of long-term periodicity for solar activity, it is expected that the Database-II method can be applicable to the next solar cycle 24.
Introduction
[2] It has been well known for many years that transient events may lead to nonrecurrent disturbances of geomagnetic field. These geomagnetic activities, such as geomagnetic storms, are known to be well associated with interplanetary (IP) shocks. Some models have been developed on the basis of associations between features of solar activity and IP shocks. Three physics-based models are currently available for real-time prediction for the arrival of IP shocks at Earth using available solar data as input parameter, and they utilize empirical equations based on observation, simple models, and numerical simulations. These models are the shock time of arrival (STOA) model, the interplanetary shock propagation model (ISPM), and the Hakamada-Akasofu-Fry (HAF) model. The forecasting skills of the three models have been evaluated, and the statistical comparisons between them revealed that the performances of these three models were practically identical in forecasting the shock arrival time [Smith et al., 2000 Fry et al., 2003; McKenna-Lawlor et al., 2006] .
[3] Recently, some other methods have also been developed to predict the arrival time of a solar disturbance at Earth. Manoharan et al. [2004] provided an empirical method to predict the IP shock transit time to 1 AU on the basis of the CME initial speed. Schwenn et al. [2005] presented a prediction function of the shock's arrival time at Earth that used the lateral expansion speed of the CME. Combining the analytical study for the propagation of the blast wave from a point source in a moving, steady state, medium with variable density with the energy estimation method in the ISPM model, Feng and Zhao [2006] developed a new physicsbased prediction method for the arrival time of IP shocks at Earth.
[4] A database method for predicting arrivals of IP shocks at Earth is presented in this paper. The database method is set up through two steps. First, on the basis of HAFv.1 code [Fry, 1985] , hypothetical solar eruptive events (such as source location, initial coronal shock speed, and the year of occurrence within a solar cycle of the event) distributed on the solar surface and the whole 23rd solar cycle are used as samples to obtain their corresponding arrival times, which are components of Database-I. Then, shock transit time prediction Database-II is created through a modification of Database-I made by considering initial shock speed and source longitude's impact on transit time. With Database-II, given the input parameters (source location, initial shock speed, and the year of occurrence of the observed solar events), then the shock arrival time may be obtained. The statistical comparisons between the arrival times obtained from Database-II and the observations will be also discussed in this paper.
[5] In the present paper, three forecasting models are introduced briefly in section 2. In section 3, we describe the construction of shock transit time Database-I. Section 4 provides the creation of Database-II through the prediction test and modification of Database-I. The comparisons of Database-II prediction results between our method and the STOA, ISPM, and HAFv.2 models are presented in section 5. Summary and conclusions are in section 6.
Operational Forecasting Models
[6] In this section, we briefly describe the three operational arrival time models: STOA, ISPM, and HAFv.2.
STOA Model
[7] The STOA model is based on similarity theory of blast waves, modified by the piston-driven concept, that emanate from point explosions Smart et al., 1984 Smart et al., , 1986 Smart and Shea, 1985; Lewis and Dryer, 1987] . The model assumes that an interplanetary shock propagates explosively, much like a supernova explosion, and predicts the shock arrival time at the Earth using the velocity of the disturbance within the corona determined from observation of type II solar radio bursts at metric wavelengths. In this model, the shock decelerates to a blast wave as it expands outward with V s / R N (where N = À(1/2), and R is the heliocentric radial distance). The magnitude of the total energy conversion process determines the solid angle of quasi-spherical shock propagation and how far it would propagate as it ''rides over'' a uniform background solar wind. It is assumed that the fastest part of the shock is nearly coincident with the heliocentric radius vector from the center of the Sun through the flare site. The shock speed directly above the flare is calculated from the type II radio frequency drift rate based on an assumed coronal density model. STOA uses a cosine function to account for the longitudinal dependence of the shock geometry in the ecliptic plane. The shock speed is assumed to decrease from the maximum in the direction of the flare via this cosine function, to give a nonspherical shape in longitude. This spatially dependent shock speed is taken to be constant during the piston driven phase. During the blast wave phase, the longitudinal cosine shape is maintained. STOA allows for a radial-varying background solar wind, which is uniform in solar longitude. This is estimated from the solar wind velocity V sw measured at L1 at the time of the flare. Required observational data are as follows: V s (discussed above), the flare's solar longitude; start time of the metric type II radio drift (essentially the peak time of the soft X-ray flux); the proxy piston-driving time duration; and the background solar wind velocity, V sw .
[8] Noting observational and numerical findings that the radial dependence of shock wave velocity depends on initial shock wave velocity, Moon et al. [2002] suggest a simple modified STOA model (STOA-2) which has a linear relationship between initial coronal shock wave velocity (V s ) and its deceleration exponent (N), N = 0.05 + 4 Â 10 À4 V s , where V s is a numeric value expressed in units of km/s. Moon et al. [2002] show that the STOA-2 model not only removes a systematic dependence of the transit time difference predicted by the previous STOA model on initial shock velocity, but also reduces the number of events with large transit time differences.
ISPM Model
[9] The ISPM model is based on a parametric study of 2.5 D MHD simulations [Smith and Dryer, 1990] . In their study, the net energy input into the solar wind is the main organizing parameter. If the net energy ejected into the solar wind by a solar source and its longitude are known, then the transit time and strength of the shock to 1 AU may be computed from algebraic equations given in this model. Smith and Dryer [1995] give the details of this model and the functions in energy-longitude space. Since the energies of solar ejecta are not available from observations, a method is given to estimate the net input energy from proxy input data. The model has predicted arrival times using input parameters: the velocity of disturbance (based on observation of type II solar radio bursts), the duration of flare (observed by the GOES satellite), and the location of flare occurrence on the Sun. The ISPM also gives an estimate of the shock strength index (SSI) providing a threshold below which shocks decay to MHD waves and SSI is used as an indicator of confidence in the prediction.
HAFv.2 Model
[10] The HAF model is a ''modified kinematic'' model described by Hakamada and Akasofu [1982] , Fry [1985] , Fry et al. [2001 Fry et al. [ , 2003 , and Sun et al. [1985] : ''kinematic'' in that the model kinetically projects the flow of the solar wind from inhomogeneous sources near the Sun out into interplanetary space; and ''modified'' in that the model adjusts the flow for stream-stream interactions as faster streams overtake slower ones. It can predict solar wind conditions (speed, density, and interplanetary magnetic field) at the Earth on the basis of observations of the Sun. It is a useful tool for the study of large-scale solar wind structure, especially for the investigation of propagation of the disturbances in interplanetary space.
[11] The HAF model has two components: background solar wind and event-driven solar wind. The background solar wind is established by the inner boundary conditions. The inputs of background component to HAFv.2 model are as follows.
Coronal Magnetic Field
[12] The coronal magnetic field and the outflow of plasma establish the ambient solar wind structure. Observations by various solar observatories of line-of-sight photospheric magnetic fields are individually combined to construct daily, synoptic, magnetogram maps of the radial magnetic field. These maps provide the steady state magnetic field boundary conditions that drive the HAFv.2 model background solar wind.
Background Solar Wind Speed
[13] Velocity at the source surface at 2.5 R s was computed using the Wang-Sheeley-Arge algorithm [Wang and Sheeley, 1990; Wang et al., 1997; Arge and Pizzo, 2000] . Since divergence of the magnetic field flux tubes from the photosphere to the source surface is inversely related to the solar wind speed observed at 1 AU [Wang and Sheeley, 1990; Wang et al., 1997] , this can be utilized to estimate the radial solar wind velocity at 2.5 R s .
Inputs for Solar Events
[14] The disturbance source of all three models was represented by a velocity enhancement localized in time and space. The event location, peak speed, and temporal profile were based on coincident optical, radio, and X-ray observations. Other data, such as CMEs were considered when available in near real time.
Source Location
[15] To establish the locations of individual events in heliolatitude and heliolongitude in a Sun-centered coordinate system, solar flare observations made by global, ground-and space-based observatories and spacecraft were utilized for real-time operational reasons and published later by NOAA-NGDC in Solar Geophysical Data.
Initial Coronal Shock Speed and Start Time
[16] The coronal shock speeds (V s ), are normally derived from metric type II radio frequency drift rates (downward in frequency) as a function of time. The events start time is taken to be the start of the metric type II.
Shock Driving Time
[17] The temporal profile of the shock speed at the solar source is governed by a time constant t, which is the difference between the risetime of the integrated X-ray flux (in the 1-8 Angstrom channel on GOES 7) and the time of its decrease, measured linearly on the logarithmic flux scale at a level set at half the distance from the background level to the peak. The plasma speed is ramped from the background to a maximum value of V s (the type II drift speed or its equivalent), and then decays. For the HAF code, the rise and decay are exponential [Hakamada and Akasofu, 1982] . The other two models just use linear ramps, but the numbers of points are so few so that this is usually immaterial. After recalling the above three operational forecasting models for arrival time prediction, we turn attention to our establishment of the shock transit time database.
Establishment of Shock Transit Time Database-I
[18] In this section, we first define samples of hypothetical solar transient events, and then obtain the arrival time at Earth for each hypothetical solar transient event by using the HAFv.1 code. Database-I will be constructed from hypothetical solar transient events and their computed transit times. [19] In order to construct Database-I, the solar source surface was sliced into a grid of 5°by 5°cells. Figure 1 shows a fragment of the grid of solar source surface. The central point of a rectangular cell is denoted by (q i (heliolatitude); 8 j (heliolongitude)). For latitude, solar events are mainly distributed within ±40°of the solar equator [21] The time range of Database-I covers all 11 years of solar cycle 23. In the HAFv.2 model, the solar source surface maps (magnetic field and solar wind velocity maps) can be updated daily. But in the construction of Database-I, for simplicity, we use the yearly variation of solar surface maps in an 11-year solar cycle. In order to obtain the background solar wind inputs to HAF code, we use the yearly mean magnetic field and yearly mean solar wind velocity maps on solar surface for each year of solar cycle 23. That is, the background solar wind is the same for all hypothetical solar transient events occurring in Y n (the nth year in the 23rd solar cycle).
[22] Thus we define a hypothetical solar transient event by the parameters (q i , 8 j , V sk , Y n ). Here, (q i , 8 j ) is its source location, V sk is its initial coronal shock speed, and Y n is the year in which the solar transient event occurs, where i = 0, . . ., 20; j = 0, . . ., 71; k = 0, . . ., 18; and n = 0, . . ., 10. Therefore there are 21 Â 72 Â 19 Â 11 hypothetical events distributed on the solar surface in Database-I for the whole 23rd cycle.
Shock Arrival Time of a Hypothetical Solar Transient Event
[23] In order to determine the shock transit time of a hypothetical solar transient event by using HAF code, we need additional parameters: shock driving time and shock search index (SSI), in addition to the parameters mentioned in section 3.1.
Shock Driving Time
[24] The time profile of the shock speed at the solar source, which is an important input parameter of the HAF code, is governed by a time constant t (called shock driving time). Of all of the input parameters required by the HAF code, the HAF code is least sensitive to t. Therefore t is determined from the empirically derived function t = V s /900 h, where V s is in km/s [Howard et al., 2007] .
Threshold of SSI
[25] In HAF model, the shock arrival time (SAT) is determined by computing predicted solar wind speed, density, and dynamic pressure at L1 spacecraft position for several days into the future. The predicted SATs are extracted from automatic scans of the temporal profiles of the dynamic pressure simulated at L1 using a SSI: SSI = log (DP/P min ), where P is either the dynamic pressure or momentum flux; DP is the difference in P during consecutive 1-h time steps, and P min is the minimum P value for these time steps. Shock arrival time was identified as the time of maximum SSI as long as SSI exceeds the threshold, which was found to be À0.35 in HAFv.2 model . For the Database-I method, the threshold of SSI is assumed to be À1.4, which will be validated below by the 380 events data taken from Fry et al. [2003] and McKenna-Lawlor et al. [2006] for the ascending and maximum phases, respectively, of cycle 23 as noted earlier. We will use testing sets below from these real-time studies in section 4. This value is different from that used by Fry et al. [2003] ; a probable explanation for this difference is that we used the HAFv.1 code instead of HAFv.2 code. The improvements on the HAFv.1 model can be found in the work of Fry et al. [2001] . Therefore, by using the HAF code, SATs can be determined for all hypothetical events mentioned in section 3.1.
Shock Transit Time Database-I
[26] Database-I contains hypothetical solar transient events and their computed transit times. The parameters of Database-I are as follows: source location (q i , 8 j ), initial shock speed (V sk ), the year of occurrence (Y n ), and the shock transit time (TT ijkn ), where i = 0, . . ., 20; j = 0, . . ., 71; k = 0, . . ., 18; and n = 0, . . ., 10.
[27] Suppose that an observed solar transient event is given with the source location (q o , 8 o ), initial coronal shock speeds (V so ), which occurred in year (Y o ). Using Database-I, we can obtain the shock transit time for a given observed solar transient event by the following procedure.
[28] First, find Y n by subtracting Y o , the start of the solar cycle. Then, find the grid point (q i , 8 j ) that is closest to that of the observed source location (q o , 8 o ).
[29] Determine which V sk in Database-I is closest to the initial coronal shock speed V so of the observed solar transient event. Thus, from Database-I we can find the shock transit time TT ijkn for the hypothetical solar transient event: (q i ; 8 j ; V sk ; Y n ). The hypothetical solar transient event with (q i ; 8 j ; V sk ; Y n ) can be seen approximately as a proxy of the given observed event with (q o ; 8 o ; V so ; Y o ), and the shock transit time (TT ijkn ) of the hypothetical solar transient event can be used as the shock transit time of the given observed one.
[30] To see if our definition of SSI works, we employed the 380 events data during the periods from February 1997 to August 2002 as a testing set. The events with an ambiguous relationship between the solar event and the shock at 1 AU and those with initial shock speeds V s > 2000 km/s are not included here. This leaves 354 events. Utilizing the procedure presented above, we determine SSI and DP for each observed solar event by finding the hypothetical events closest to it. Figure 2 shows SSI versus DP for the 342 events where the Database-I method predicted a shock arrival at Earth. Of the 354 events, 12 events were found not to result in significant disturbances at Earth (SSI < À1.4), and for the remaining 342 events, the associated disturbances were found to be shocks (SSI > À1.4). Among the 342 events with SSI > À1.4, there are 129 events where shocks were observed ( Figure 2 , gray dots and smaller black dots) and 213 events where no shock was observed (Figure 2 , gray circles and smaller black circles). Note that all except one of the events with observed shocks lie above the line SSI = À1.4. Therefore our choice of the threshold for a shock prediction at SSI > À1.4 allows for the correct prediction of almost all observed shocks. It is interesting that a bifurcation can be seen in Figure 2 . One branch is the predictions of 1997-1999 (rising phase) indicated by gray dots and gray circles in Figure 2 ; the other is the predictions of 2000-2002 (maximum phase) indicated by smaller black dots and smaller black circles in Figure 2 . The DP value for a SSI value is higher in the rising phase than that in the maximum phase. This suggests that the shock would be more easily formed at 1 AU in the maximum phase than in the rising phase.
Establishment of Shock Transit Time Database-II
[31] In this section, we present our tentative results on the prediction of the arrival times using Database-I and then [2006] . The events without a corresponding IP shock arrival at 1 AU, those with an ambiguous relationship between the solar event and the shock at 1 AU, and those with V s > 2000 km/s are not included here. The detailed input parameters for these events can be found in the work of Fry et al. [2003] and McKenna-Lawlor et al. [2006] . Begin time is given as year, month, day (YYMMDD) and as time in UT of the start of the metric type II radio burst. The source location is the location of the associated optical flare. V s is the velocity of the shock in the coronal, estimated from the type II frequency drift. The t is the duration of the solar event, estimated from the X-ray flux. Classifications of the associated X-ray and optical flares are given when available, and XX indicates that optical data are unavailable. V sw is the speed of the solar wind at L1 at the time of the solar event. V sw is listed only to give an indication of the 1 AU conditions at Earth at the time of the flare. Also, flare classifications are listed only for supplementary information.
provide its modification according to our test results and observations, which leads us to the establishment of shock transit time Database-II.
Prediction of the Database-I Method
[32] Comparisons between the predicted and observed shock arrival times have been made for a sample of 173 shock events recorded during the rising time of solar cycle 23 and 166 events recorded during the maximum of the same solar cycle, respectively corresponding IP shock arrival at 1 AU are not included here. The list of events includes the year, month, and day of the events; the time of the events' onset; the heliographic latitude and longitude of the events source; the type II speed V s in km/s; the event duration t in hours; the associated flare classifications at X-ray and optical wavelengths; and finally, the solar wind speed V sw in km/s at L1 measured at the time of the event.
[33] By applying the Database-I method to the data set of 130 events, we obtained our tentative results on the prediction of the shock arrival times (see Figure 3) . The prediction error Shock arrival time (SAT) is given as year, month, day (YYMMDD) and as time in UT of the arrival of the shock at near-Earth spacecraft (such as ACE, Wind, and SOHO). Detailed information about these events can be found in the work of Fry et al. [2003] and McKenna-Lawlor et al. [2006] . TT o is the observed transit time. TT s , TT i , TT h , and TT d2 are the transit times predicted by STOA, ISPM, HAFv.2, and the Database-II method, respectively. DTT s , DTT i , DTT h , and DTT d2 are the errors predicted by STOA, ISPM, HAFv.2, and the Database-II method, respectively. The abbreviation mhd indicates that the model predicts that this shock has decayed to an MHD wave before its arrival at L1.
defined by DTT d1 = TT d1 À TT o , where TT o is the observed transit times and TT d1 is the predicted transit times by Database-I, respectively. The prediction errors range from À40 h to 100 h, and the result seems unacceptable. In section 4.2, we investigate the dependence of the initial shock speed and longitude on the HAFv.1 computations, and use this to improve the prediction method, creating Database-II.
Dependencies in HAF Code
[34] In Figure 4a we present shock transit times (TT), using the HAF code, from the Sun to the Earth as a function of the sine of (west) heliographic longitude of the initiating source, to demonstrate another way of examining the uncertainty in TT. These shocks are subdivided into those with initial speeds 500 km/s, 1000 km/s, and 2000 km/s so that they are individually representative of small, moderately large, and very large events. The longitude ranges from 0°(disk center) to 90°(at the limb). The transit times of shocks located at the heliographic latitude of 0°(solid line), N20°(dotted line), and S20°(dashed line) are shown in Figure 4a . It is seen that the transit time is not particularly sensitive to the latitude of the flare site.
[35] From Figure 4a , it can be seen that the initial speed of the disturbance (V s ) has its greatest effect on the forecast transit time. Flare longitude does not have much of effect on the forecasting result if the event is initiated near disk center. Shocks from flares at the longitude of 0°and at the longitude of 40°are predicted to reach the Earth in about the same amount of time. However, source longitude has an impact on the transit time for large events near the solar limb. The differences in TT predicted by using the HAF code for shock events with initial speeds of 1000 km/s and 2000 km/s are about 20 h for shocks at longitudes 60°and 90°, and somewhat less (10 h) for shocks at lower longitudes. These points are also pointed out by McKenna-Lawlor et al. [2006] .
[36] Figure 4b shows that the transit time decreases with the increase of the initial shock speed for the heliographic longitudes of E20°(dashed line), 0°(black solid line), W20°T (dotted line), W40°(gray solid line), and W60°(light gray solid line). This also demonstrates that initial shock speed is an important factor contributing to the shock's transit time on its route to 1 AU. The differences in TT predicted by the HAF code for shock events with initial shock speed at 200 km/s and 1200 km/s are about 60 h and somewhat less (10 h) for shocks with higher speed.
Shock Transit Time Database-II
[37] Figure 3a gives the prediction error plotted against the initial shock speed for V s 1200 km/s. The solid line denotes the linear fitting with V s , DTT d1 (V s ) = À7.269 + 0.063V s , which can well depict the correlation as seen. Figure 3b gives the prediction error plotted against the heliographic longitude for V s > 1200 km/s. The solid line denotes the linear fitting with the heliographic longitude (8), DTT d1 (8) = 9.544À0.328 8. The correlations between DTT d1 and V s , 8 imply that it might be inappropriate to directly use Database-I mentioned above alone. In fact, the initial shock speeds, which were determined using metric radio burst data, have great effect on the shock arrival time (see section 4.2). Also, the input type II speed needs to be adjusted to improve the HAF code's forecasting. This might partially explain why DTT d1 are correlated with V s for V s 1200 km/s. For higher initial shock speed, the transit time is more sensitive to heliograph longitude 8 than initial shock speed V s (see section 4.2). This might partially explain why DTT d1 are correlated with 8 for V s > 1200 km/s. Taking all of these arguments into account, we revise Database-I for predicting the transit time as follows: TT d2 = TT d1 + DTT d1 (V s ), for V s 1200 km/s, and TT d2 = TT d1 + DTT d1 (8), for V s > 1200 km/s, where TT d2 stands for the transit time obtained from the modified database (named Database-II).
[38] For an observed solar transient event, the estimated shock arrival time can be determined by using Database-II. The new prediction results are represented in section 5.
Database-II Prediction Results and Comparisons
[39] An extensive set of real-time studies, using HAFv.2 model, has been made during solar cycle 23 for special epochs by Sun et al. [2002a Sun et al. [ , 2002b , Dryer et al. [2004] , and McKenna-Lawlor et al. [2002] . In this section, we discuss the results of our study with the Database-II method mentioned above and comparisons of our results will be made with those of the other three models of STOA, ISPM, and HAFv.2. [40] The successful prediction should include correctly forecasting shocks (''hits'') and correctly forecasting ''no shock'' (''correct nulls''). In this paper, the Database-II method is tested only on the basis of events with associated 1 AU shocks. For this purpose, the 130 events, which had been used as a testing set for the HAF model , are selected. The IP shock observations and prediction results at L1 are listed in Table 2 . Table 2 [41] Table 3 shows the success rate within different hit windows for the STOA, ISPM, and HAFv.2 models and the Database-II method. It can be seen that the success rates of the Database-II method is 44% for the hit window of ±12 h, 78% for window of ±24 h, and 88% for window of ±36 h. As shown in Table 3 , the performances of the four models within the same hit window are nearly identical as well.
[42] We may now test the hypothesis whether the theoretical DTT (i.e.,DTT s , DTT i , DTT h , and DTT d2 ) is zero for each of the models. As shown in Figure 5 , the distribution of DTT is approximately Gaussian with a peak around zero. The mean values of prediction errors would be around zero for the four models. On the basis of hit data, the confidence levels (hit window = ±36 h) were calculated separately for positive and negative DTT for the sample events (see Table 4 ).
[43] In order to test the Database-II method, we choose 32 events with associated shocks at 1 AU (listed in Table 6 . The success rate of the Database-II method is 31% for the hit window of ±12 h; 50% for the hit window of ±24 h; 75% for the hit window of ±36 h. It can be seen that this set does worse than initial data set. This may be due to the fact that this time period contained active periods during which there were large variations of the magnetic field on solar surface.
[44] An additional collection of 23 events from Smith and Dryer [1995] (listed in Tables 7 and 8) during the period from January 1979 to October 1989 is utilized to validate the applicability to other cycles. For these events, the year of occurrence of the event is taken to be the corresponding year in the 23rd solar cycle, related by phase in solar activity. Table 9 shows the success rates within different hit windows for the STOA model, the ISPM model, and the Database-II method during this period. It can be seen that the success rate of the Database-II method is 35% when the hit window is ±12 h; 57% for window of ±24 h; 70% for window of ±36 h. Here, the results in Database-II established for cycle 23 are used for events that occurred in other solar cycles, and this may probably be the reason that the results for this set is worse than for the initial. As shown in Table 9 , the Database-II method seems to perform well for the previous solar cycle. Thus, this Database-II method may possibly be applicable to other cycles.
Conclusions
[45] A practical database (i.e., Database-II) method for predicting the arrival time of IP shocks at Earth is introduced. Database-II for shock transit time is established by computing the transit times using the HAF code from the following input data: the source location, initial shock speed and the year of occurrence within a solar cycle of an observed solar transient event. Database-II consists of this information stored in a mesh. Thus the arrival time at L1 for any given solar event occurring in solar cycle 23 can be obtained by comparing the mesh grid/hypothetical event of Database-II and that of the solar event.
[46] Applying the Database-II method to 130 solar events during the period from February 1997 to August 2002, we found that the performance of our model is as good as those of the STOA, ISPM, and HAFv.2 models in predicting the shock arrival time. Our Database-II method promptly provides arrival times, from three parameters obtained from solar observations. An additional 32 solar events during the periods from September 2002 to July 2005 are utilized to test the Database-II method as a new testing set and good performance is presented. These results demonstrate the feasibility of our model as one of the shock arrival time prediction methods in real-time space weather forecasting.
[47] To check the applicability of the long-term periodicity in solar activity, we tested the Database-II method on a new set of events during the period from January 1979 to October 1989. Its performance compares well to those of the STOA and ISPM models. That is, this Database-II method may possibly be applicable to other solar cycles.
[48] There are two improvements for future consideration. On one hand, the shock arrival time of a solar event can be changed with the variation of background conditions. However, the Database-II method does not utilize the real-time magnetic field on the solar source surface, which provides the steady magnetic field boundary conditions that drive the HAF model background solar wind. Instead, it uses the mean magnetic field of all Carrington Rotations in the corresponding year. The prediction error caused by this aspect should be improved in the future study. On the other hand, the database is constructed by using hypothetical shock events with speeds between 200 km/s and 2000 km/s, covering the 23rd solar cycle (excluding shock events with speeds >2000 km/s). The arrival times of the ''average'' observed shock events (shocks with speeds in 200 km/s $ 2000 km/s) in the 23rd solar cycle can be obtained by our database method. Two concerns are mentioned. On one hand, there are a few shock events with speeds >2000 km/s; on the other hand, shock events with speeds in 2000 km/s $ 3000 km/s can be easily considered if we add more grids 21 Â 72 Â 10 Â 11 to our database. In our future work, shock events with speeds in 2000 km/s $ 3000 km/s will be included in the database. There is a gap in the present database, namely that large shock events with speeds >2000 km/s are not included. But, this is not an essential difficulty, as the method can be modified to include the high-speed intervals.
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